Introduction
Mental health is more than the absence of mental illness; mental health and illness share only one-quarter common variance. [1] [2] [3] [4] Whereas mental illness is usually measured using clinical symptom checklists or severity scales, mental health is measured using indices of mental well-being that assess levels of positive affect and life satisfaction (subjective well-being), as well as other adaptive attributes, including mastery, autonomy and goal-striving (psychological wellbeing). 5 Well-being is therefore a state that is measurable at different time points, and can vary from languishing to flourishing levels. It is also something slightly different from resilience, which is the process of adaptive recovery (that is, returning to an optimal mental state) following adversity or trauma exposure. 6 In resilience, the presence of the environmental trauma is a necessary condition. To date, although neural circuits potentially involved in well-being and resilience have been proposed, 7, 8 they remain largely untested. It is important that we understand how brain circuits may vary for well-being and resilience, given that they are different constructs, differently affected by environmental (and genetic) factors.
Fundamental to mental health are the processes of adaptive emotional and cognitive functioning. These adaptive processes rely on at least 3 core brain circuits subserving the evaluative processing of rewarding cues or positive affect (e.g., the striatum, orbitofrontal cortex); potential threat or negative affect (e.g., amygdala, hippocampus, insula, brainstem, medial frontal cortex); and attention/cognitive control (e.g., dorsolateral prefrontal cortex, anterior cingulate, inferior parietal lobule). 9 The structural integrity of these circuits may play a role in modulating well-being and resilience from stress. 7, 8 Alterations in the structure of these circuits may lead to stress-mediated disorders (such as posttraumatic stress disorder and major depression) by way of an accentuated threat-over-reward network, or to pleasure-seeking disorders (such as dependent drug use and compulsive disorders) by way of an accentuated reward network coupled with a lack of inhibitory control. 7, 8, [10] [11] [12] [13] It is important to understand how the structure of these circuits involved in affective disorders relates to levels of well-being and resilience, separate from illness symptoms, in order to understand the mechanisms to target for health-promotion strategies.
Few studies have investigated the associations between the structural integrity of regions in the affective circuits and resilience or well-being. For resilience, the few available studies have compared brain structure in trauma-exposed controls to clinical groups, identifying variations in hippocampal volume when resilience is defined as an absence of psychopathology given trauma exposure.
14, 15 However, we do not believe that the definition of resilience as the absence of psychopathology alone is sufficient, because the "healthy" population varies considerably in levels of well-being, even in the absence of psychopathology. For instance, we have shown that only 23% of healthy individuals (as defined by an absence of psychopathology on the Depression, Anxiety, Stress Scale ) 16 rated within optimal flourishing levels of well-being on the COMPAS-W 5 well-being scale, with another 67% scoring at moderate levels, and a further 10% at languishing levels (and therefore at higher risk for developing illness symptomatology). 1 No study to date has examined the brain-structure correlates of resilience as defined by increased positive adaptation (e.g., a flourishing well-being score) in the presence of trauma exposure, rather than the absence of psychopathology alone. This different definition is crucial and needs to be incorporated into resilience research, given these known relationships between mental health and illness and their small phenotypic overlap. [1] [2] [3] [4] Similarly for well-being, only a small number of studies have examined associations with brain structure in healthy samples. All studies have focused on samples of adolescents or young adults, and have used either a measure of subjective well-being (i.e., positive affect and life satisfaction) or psychological well-being (e.g., life purpose, mastery, personal growth), but not both. [17] [18] [19] [20] [21] Considering associations using composite indices of well-being that measure both subjective and psychological well-being may be useful, because evidence suggests that both constructs are strongly associated with up to 74% shared variance. 22, 23 However, previous findings generally suggest a dichotomous pattern of association, varying by the well-being construct. Greater subjective wellbeing has been associated with greater volume of the bilateral hippocampus and right parahippocampus, and lower volume of regions typically involved in the affective circuit of threat: the prefrontal cortex (left ventromedial and left rostrolateral portions), dorsal anterior cingulate, left precuneus, right caudate and left amygdala. [17] [18] [19] In contrast, increased psychological well-being has been associated with increased volume of regions typically involved in the affective circuit of reward: cortical (orbitofrontal and right insula), left rostral anterior cingulate and basal ganglia nuclei (left accumbens, bilateral caudate and left pallidum). 20, 21 Given that no study has compared both measures of well-being, it is unclear whether these effects were a property of the different well-being constructs or were sample-specific. Notably, in the study demonstrating negative associations between subjective well-being and the left precuneus, the effect was shown to be partially mediated by levels of self-esteem 17 -an aspect of psychological well-being -suggesting that both subjective and psychological well-being may be contributing to shared associations.
In the present study, we examined whether the grey matter of regions defining affective circuits were associated with levels of well-being and resilience to trauma in a large sample of 263 healthy adult twins. We hypothesized that levels of wellbeing and resilience to trauma would be associated with greymatter volume in regions of the brain implicated in emotional functioning and attention/cognitive control, with opposite patterns apparent for mental illness risk symptoms. We used the COMPAS-W well-being scale 5 to measure subjective and psychological well-being. We used the same scale to define levels of resilience in a subsample of participants who reported exposure to significant childhood trauma to determine whether similar brain regions were associated with both wellbeing and resilience. We used the Depression, Anxiety, Stress Scale (DASS-42) 16 to measure mental illness risk symptoms. We also hypothesized that relationships between measures of well-being and grey-matter volume would reflect contributions from shared variance due to genetics and environment, assessed using multivariate twin modelling of monozygotic and dizygotic twin pairs. This second hypothesis drew on our previous work showing that both genetics and environment contribute to variance in well-being at 48% heritability. 
Methods

Participants
Healthy same-sex monozygotic and dizygotic twins from the TWIN-E study conducted at the University of Sydney, Australia, 24 
Measures
The methodology used in the present study 24 has been validated in healthy and clinical populations. [25] [26] [27] [28] The self-report measures were assessed using the WebQ online test battery. 24 We measured well-being using the 26-item COMPAS-W scale of well-being 5 ; depression and anxiety mood symptoms J Psychiatry Neurosci 2018;43(6) using the DASS-42 16 ; and early-life stress (trauma) using the 19-item Early Life Stress Questionnaire, which assesses the occurrence of specific early-life stressors up to age 18 years that have been shown to have a psychological impact in childhood, including abuse, neglect, family conflict, illness/ death and natural disasters. 29 To examine resilience, we meas ured well-being scores using the COMPAS-W scale of well-being in a trauma-exposed subgroup.
We acquired MRI data on a 3.0 T GE Signa HDx scanner (GE Healthcare) using an 8-channel head coil. We acquired a T 1 -weighted, high-resolution SPGR scan with the following par ameters: 180 slices, 1 mm cubic voxels, 256 × 256 matrix (repetition time 8.3 ms, echo time 3.2 ms, inversion time 500 ms, flip angle 11°). The 9 regions of interest were greymatter regions that underpin the affective circuits of reward, threat and attention/cognitive control: amygdala/hippocampus, anterior cingulate, basal ganglia (including the caudate, putamen, pallidum, substantia nigra), brainstem (including the midbrain and pons), thalamus, inferior parietal gyrus, insula, medial frontal gyrus and orbital frontal gyrus. These were determined a priori and defined by standardized masks using the Automated Anatomic Labelling toolbox. 30 For further details of measures, see Appendix 1.
Statistical analysis
To examine the association between well-being and greymatter volume, we estimated multiple linear regression models of total COMPAS-W well-being scores predicting grey-matter volume for each region of interest in SPM8 using voxel-based morphometry, with age and sex as covariates. Output was in the form of statistical parametric maps based on a cluster-level, false-discovery-rate-corrected threshold of p < 0.05. We extracted averages of significant clusters to use in quantitative analyses. We repeated this analysis with total DASS-42 depression/anxiety scores to examine whether any of the brain regions identified for well-being were also associated with depression/anxiety scores. For resilience, we repeated the above well-being analysis in the trauma-exposed subgroup, whereby participants exposed to trauma yet reporting a flourishing well-being score were considered to be more resilient. Each of the voxel-based morphometry analyses in SPM8 were conducted in twin 1 and then verified across both twins using linear mixed models in SPSS using the extracted brain cluster variables.
We conducted genetic and environment twin analyses for each significant cluster region (average extracted cluster converted to a log-transformed score) using OpenMx version 1.7 31 on R version 2.13.2. 32 We undertook univariate genetic modelling using the classic twin design 33 to estimate the genetic and environmental contributions to variance for each cluster region. For these models, A refers to additive genetic effects, D to nonadditive genetic (or dominance) effects, C to common environment and E to nonshared (unique) environment. Full ACE and ADE models were fitted to each variable using maxi mum likelihood estimation, and model fit was assessed by dropping parameters. Multivariate genetic models were then fitted to total COMPAS-W well-being and DASS-42 scores and the specific brain cluster region to assess shared and unique genetic and environmental variance between the variables. We ran a saturated model including scores for well-being, total DASS-42 and brain cluster region to confirm the nature of the mean and variances between twin pairs and across monozygotic and dizygotic twins. We included age, sex and education as covariates on the means. We tested and compared the saturated model with means and variances constrained across twin pairs and zygosity for comparative fit to a correlated factors model, which examined the genetic and environmental contribution to the correlation or covariance between variables. 33 We examined the role of shared versus unique genetic and environment factors between well-being, DASS-42 and brain cluster region by testing the A and E components for each variable and correlations between all components. We then tested the significance of the genetic and environmental correlations between variables by systematically setting each correlation to zero, with a significant difference between models indicating a significant correlation. We compared the models for best fit using the χ 2 difference test of the −2 log-likelihood statistic, where significance was indicated when the critical value of p = 0.05 was exceeded. We also used a higher degree of freedom and lower Aikake information criterion (AIC) value as indicators of the better overall model.
Results
Demographic characteristics
We found no significant differences between monozygotic and dizygotic twins, or between twin 1 and 2 groups for age, sex or education. The groups also did not differ in mean well-being scores, depression/anxiety scores, or average total number of early-life stress events (Table 1) . We found no significant differences in age (t = −1.002, p = 0.318) or sex (t = 0.853, p = 0.395) with well-being scores using a linear mixed model (controlling for birth order and zygosity). We also found no sex difference for depression/anxiety scores (t = −1.360, p = 0.176) using a similar linear mixed model, but we did find a significant effect for age, whereby an increase in age was associated with reduced symptom scores (t = −2.224, p = 0.028).
Apart from birth complications, the top 5 early-life stress events reported were sustained bullying (16%), sustained family conflict (13%), major surgery or repeated hospitalization (13%), emotional abuse (10%) and life-threatening illness or injury (9%). Using a linear mixed model, we examined categorical group differences in individuals with and without early-life stress exposure across twin pairs (controlling for age, sex and zygosity) and found no significant differences in scores for well-being (t = 0.280, p = 0.780) or depression/ anxiety (t = −0.769, p = 0.443). Partial correlation analyses identified that a continuous increase in number of early-life stress events was associated with an increase in depression/ anxiety scores, controlling for age, sex, zygosity and family relatedness (r = 0.248, p < 0.001), with no associations with well-being scores (r = 0.036, p = 0.57). However, an increase in well-being scores was correlated with a reduction in depression/anxiety scores (r = −0.406, p < 0.001).
Grey-matter volume associations with well-being
We used voxel-based morphometry to examine associations between well-being and grey-matter volume for the selected regions of interest in twin 1, controlling for the effects of age and sex. We found a significant negative correlation between well-being and the pons (Table 2 and Fig. 1a) , the locus of which is near the fourth ventricle of the pontine nuclei and fibres. While we observed no significant relationships at the FDR-corrected threshold in other regions for well-being, we did observe some effects at the uncorrected threshold (p < 0.005) in the inferior parietal gyrus, the medial prefrontal cortex (mPFC) and ventromedial prefrontal cortex (vmPFC; see Appendix 1). We also found a marginal positive correlation between the pons and DASS-42 depression/anxiety scores, whereby an increase in depression/anxiety scores was associated with an increase in pons volume (t = 3.86, k = 3471, p = 0.058). No other associations were significant at the corrected threshold for depression/anxiety scores, other than some effects for the anterior cingulate, dorsomedial prefrontal cortex and caudate at uncorrected thresholds (see Appendix 1 ). An exploratory whole-brain analysis revealed no further significant effects.
The grey-matter volume effects demonstrated in twin 1 identified for well-being were confirmed across both twins in SPSS using a linear mixed model of the extracted pons cluster. The effect was significant for the whole sample in terms of well-being (t = −2.581, p = 0.010).
Grey-matter volume associations with resilience
We examined associations with well-being in the traumaexposed group to test for resilience, and we found that reductions in the same region (pons) were significantly associated Witness or experience some other traumatic event 6% 5% 6% 5% DZ = dizygotic; MZ = monozygotic. *Results presented as mean ± standard deviation, or as frequency (%). †No significant differences between groups for well-being, depression and anxiety scores, or average early-life events. *Analyses conducted in twin 1, controlling for age and sex. Verification of results in twin 2 was conducted using linear mixed models for significant extracted clusters in SPSS (p < 0.05, corrected). The well-being and depression/anxiety VBM analysis was conducted in all twin 1 participants (n = 132). For the resilience VBM analysis, associations between greymatter volume and well-being scores were evaluated in the early-life stress group (n = 97). Trend effects for other regions of interest at uncorrected levels are provided in Appendix 1. †Result is significant at pFDR < 0.05 (cluster-level).
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with elevated well-being scores, and the size/effect of the cluster was also larger (Table 2 and Fig. 1b) . Again, we found no further significant relationships for the other regions at the corrected level, but several effects were apparent at the uncorrected threshold for the hippocampus, anterior cingulate, vmPFC, insula and inferior parietal gyrus (see Appendix 1).
Fig. 1:
Voxel-based morphometry image and graphs of group means for significant grey-matter volume effects in the pons for (A) well-being and (B) resilience (levels of well-being given trauma exposure). Individuals with higher levels of well-being and resilience showed significant grey-matter reductions in the pons. Coordinates and statistics for these effects are shown in Table 2 . The grey-matter volume effects demonstrated in twin 1 identified for resilience were confirmed across both twins in SPSS using a linear mixed model of the extracted pons cluster. The effect was significant in the trauma-exposed subgroup in terms of resilience (t = −3.165, p = 0.002), and not significant in the nontrauma subgroup (t = 0.102, p = 0.919). The effect remained significant in the trauma-exposed subgroup even when excluding premature birth as a traumatic event (t = −2.301, p = 0.023).
Twin modelling
We conducted a univariate heritability analysis on the extracted pons cluster region. Intra-class correlation coefficients for this cluster were 0.247 (p = 0.013) for monozygotic twin pairs and −0.029 (p = 0.574) for dizygotic twin pairs, suggesting that an ADE rather than an ACE model was most appropriate to test (because dizygotic correlation was less than half of the monozygotic correlation). Univariate modelling for the pons cluster suggested an E model was the best fit (AE v. We conducted a multivariate twin model to examine whether any of the environmental variance was shared between the pons volume cluster and well-being. We also included total depression/anxiety scores in the model due to their phenotypic association with well-being and trend level associations with the pons. We tested an AE model to account for both genetic and environmental variance between pairs of variables. Initial modelling of the saturated model indicated that the means and variances between twin pairs within and between dizygotic and monozygotic twins could be equated. The correlated factors model was not significantly different from the saturated model, with means and variances equated between twin pairs and zygosity, indicating that it provided a comparable model of the data (Table 3) .
Setting the additive genetic correlation between well-being and depression/anxiety scores to zero did not result in significant deterioration of the model fit, indicating no significant genetic correlation between well-being and depression/ anxiety. However, because the correlation was moderate in size (r = −0.45) and at trend-level significance (p = 0.066), we decided to keep the correlation in the model. Setting the unique environment correlation between well-being and depression/ anxiety scores to zero resulted in significant deteri oration in the model fit, indicating a significant correlation (r = −0.34, p = 0.0002). Setting the additive genetic correlation between well-being and the pons, and between depression/anxiety scores and the pons, to zero did not significantly reduce model fit and reduced the AIC value, suggesting these correlations were not significant. Setting the unique environment correlation between well-being and pons volume to zero led to significant reductions in model fit, indicating a significant correlation (r = −0.17, p = 0.02), while setting the unique environment correlation between depression/anxiety scores and pons volume to zero did not significantly reduce the model fit, indicating no significant correlation. The most parsimonious model for the data was therefore a correlated factors model with correlations between additive genetic factors contributing to variance in scores on well-being and depression/anxiety scores, and correlations between unique environment factors contributing to variance in well-being and depression/anxiety scores, and well-being scores and pons volume (Fig. 2) .
Additive genetics (heritability) contributed 37.14% to variance in well-being scores, 31.62% to variance in depression/ anxiety scores and 19.93% to variance in pontine volume. The remaining variance was attributable to environmental factors unique to the individual. We found a significant negative correlation between well-being and depression/anxiety scores (phenotypic r = −0.38), with 40.68% of this covariance attributable to genetic factors and 59.32% to environmental factors. We found a small significant negative correlation between well-being and pons volume (phenotypic r = −0.12), which was wholly attributable to environmental factors. The specific proportion of genetics and environment that was shared versus unique between the variables is presented in Fig. 3 .
Discussion
To our knowledge, this was the first study to establish the association between grey matter of affective brain regions that underpin reward, threat and attention/cognitive control with composite well-being and resilience in healthy adult twins. −2LL = −2 log-likelihood; A = additive genetics; AIC = Aikake information criterion; E = unique environment.
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We found a significant negative correlation between our composite index of well-being (using the COMPAS-W wellbeing scale) and a specific reduction in the volume of the pontine nuclei located within the brainstem. Moreover, this same region was negatively correlated with resilience in the trauma-exposed subgroup, but with a larger effect (and cluster) size evident than when considering associations with levels of well-being across the whole sample. DASS-42 depression/anxiety scores also showed a positive association with the same region, albeit not at the corrected threshold level. To our knowledge, this is also the first study to examine shared genetic or environmental variance between well-being, depression/anxiety scores and brain volume using multivariate twin modelling. Twin modelling of well-being, depression/ anxiety scores and pons volume suggested that unique environment contributed to the most variance for each variable, with heritability (genetic) estimates of 37%, 30% and 20%, respectively. Multivariate modelling of shared variance between the variables identified that the proportion of unique environment variance in pons volume shared with well-being was 3.4%. In contrast, the proportion of genetic variance in well-being shared with depression/anxiety was 20.4%. Our data identified the pons as a region that is structurally associated with composite well-being and resilience; in particular, elevations in well-being and resilience were associated with reductions in this brain region. The direction of this effect with composite well-being was consistent with previous studies demonstrating negative associations between measures of subjective well-being and regions of the prefrontal cortex (ventromedial and rostrolateral), dorsal anterior cingulate, precuneus, caudate and amygdala. [17] [18] [19] In the present study, we also tested these regions, and while we found a significant effect specific to the pons, we also found a converging trend effect for the mPFC with well-being at an uncorrected threshold. In contrast, studies of psychological well-being have previously reported a positive correlation with volume of the insula, 20 orbitofrontal cortex, anterior cingulate and basal ganglia. 21 In the present study, we found no significant positive associations between these brain regions and well-being. However, we did find trend positive associations (uncorrected) between well-being and vmPFC volume, and between resilience and volume of the hippocampus, anterior cingulate, vmPFC and insula. It is possible many of these effects did not reach significance due to variations in the size and characteristics of the present study compared to previous studies (i.e., smaller, older or less culturally diverse samples). 18, 20 In addition, many of the previous studies did not include the brainstem in their region-of-interest analysis, 17, 19, 21 so in future studies it will be important to consider all regions examined here.
Contrary to the above association studies, experimental evidence from an intervention study has shown that grey-matter changes in the brainstem (including the pons) are associated with improvements in psychological well-being. 34, 35 In this study, a mindfulness-based intervention was administered to 16 healthy adults over 8 weeks and compared with 17 healthy wait-list controls. 34 The results suggested that treatment participants showed increases in several brain regions, including clusters in the cerebellum that extended into the brainstem and several pontine nuclei. In a later study of the same participants, the researchers showed that in a subset of the 14 healthy individuals receiving treatment, significant improvements in psychological well-being were evident over the 8-week period, and these changes were positively correlated with grey-matter volume in the brainstem, including the pontine tegmentum and its nuclei. 35 Notably, the direction of this effect was positive, which contrasts with the negative correlations reported in the present study. However, the authors did say that these results were only speculative, given the extremely small sample size (14 participants). Moreover, changes were examined over an 8-week period, so whether these effects persisted beyond this period (or indeed, reversed) remains to be confirmed.
The pons locus identified in the present study is the pontine nucleus, which are individual nuclei that fill the basilar pons (the caudal part, as opposed to the dorsal pons) as apparent in Figure 1 . These nuclei receive projections from the cortex and relay them to the cerebellum. The pons is involved in several core functions, including wakefulness and rapid-eye-movement (REM) sleep; blood pressure and startle response; basic emotional expression; and memory consolidation and learning. [36] [37] [38] [39] [40] [41] The pons contains various neuro chemical neurons, including cholinergic neurons that promote wakefulness and REM sleep. 36 It receives projections from the cholinergic pedunculopontine within the reticular activating system of the brainstem, which has been linked to REM sleep initiation and maintenance. 36 There is increased cortical blood flow in the brainstem and limbic areas during REM sleep, which has been suggested to play a role in memory consolidation and storage during dream states. 36 The pons is also involved in autonomic functions during potentially stressful states. During stress, the amygdala projects signals via the brainstem (and pons) that suppress parasympathetic cardiac control and redirect sympathetic outflow and subsequent blood pressure reactivity to ready the organism for appropriate behavioural response. 37 The caudal pons in particular is the sensorimotor interface of the primary startle pathway. The protective startle response is elicited by sudden sensory stimuli via caudal pontine reticular nucleus projections to spinal, cranial and facial motor neurons, whereas activation of glutamate receptors mGluRIIIs in the pontine reticular nucleus strongly inhibits startle-mediating neurons. 38 It is therefore conceivable that alterations to the pons could affect an individual's basic arousal levels and autonomic sensory responses to potential threat, whereby individuals with higher levels of well-being and resilience would display more efficient and/or attenuated sensory responses to stress (i.e., an attenuated autonomic or startle response to potential threat). In contrast, individuals with lower levels of well-being and resilience would display less effective control and increased sympathetic responses to the same stimuli.
The pontine nuclei are also involved in basic memory function, such as procedural memory learning via relayed information to the cerebellum, 39 and eyeblink conditioning -a form of classical conditioning -via direct projections from the mPFC to pontine nuclei, enabling the conditioned stimulus response by the cerebellum. 40 Lesions in this area prevent the relay of conditioned stimulus information to the cerebellum, severely impairing the eyeblink learning response. 41 In other studies, it has been suggested that the amygdala may facilitate the cerebellum-mediated motor memory system by modulating the emotional significance of stimuli via a sensory gating function. 42 This study showed that the amygdala may gate input to the cerebellum via either direct projections to the pontine nucleus or via indirect pathways through thalamic regions (i.e., the medial geniculate body and the suprageniculate nucleus) or the periaqueductal grey, acting as an attention-like mechanism that increases input to the cerebellum for significant stimuli. 42 Alterations to the pons structure found in the present study may highlight alterations to the emotional conditioning process for specific stimuli -particularly threatening stimuli -whereby individuals with reduced well-being and resilience have an increased propensity to condition emotional "significance" to irrelevant stimuli of perceived threat.
Our twin analyses suggested that the negative relationship between volume of the pons and well-being was driven by factors from the environment rather than genetics. It is quite possible that individuals with higher well-being, particularly those who are resilient, may be exposed to similar life experiences during childhood (positive and/or negative) that contribute to altered development of the pons (or vice versa: altered pons contributes to higher levels of well-being). One possible avenue is a shift of the synaptic pruning process for this region during development. Individuals with higher levels of well-being and resilience may experience J Psychiatry Neurosci 2018;43(6) a more effective pruning process of ineffective synapses for basic sensory processes and memory conditioning. Such negative associations between improved function and reduced brain volume are not unusual and are increasingly reported in healthy individuals. [17] [18] [19] Increased synaptic pruning in some brain regions may in fact be quite adaptive, particularly when recovering from traumatic life experiences during childhood.
Several potential implications of these findings are worth noting. We found that individuals with higher levels of wellbeing and resilience showed reduced volume in the pontine nuclei, and that this association was driven by unique environment (rather than genetic) factors. The literature suggests that the pons is involved in several core sensory functions, including wakefulness, REM sleep and memory consolidation during dream states; the startle response to potential threat; and mediating emotional conditioning to specific stimuli. Therefore, one implication of these findings is the creation of avenues for new research studies. Such studies could aim to pinpoint the specific pathway of mechanism (e.g., via sleep or startle) of these effects, but also their direction (i.e., whether well-being influences pons volume or the other way around). This type of research can be conducted in human experimental laboratory studies or in longitudinal neuro imaging studies that evaluate changes in the brain to specific stimuli or simply over time. Parallel studies in animals could also be implemented to obtain a more precise localization of changes in the brainstem during development in the presence/absence of environmental stress. The outcomes of such studies would then have clinical implications in promoting well-being and resilience in the general population. They would inform the mechanism to aim for with intervention (e.g., by way of targeted psychological or pharmacological health promotion strategies) and in whom (i.e., those with lower well-being scores, or who show specific alterations to pons, or other regions). These implications are of course suggested in the absence of knowledge of how other neural networks may also be altered with well-being and resilience (e.g., white-matter tracts or functional connectivity), and therefore other possible pathways for change, which is a matter for future work.
Limitations
Several study limitations need to be noted. These results provide insight into the neural basis of well-being and resilience, but the causal directions of these relationships cannot be confirmed. It is equally possible that higher levels of well-being/ resilience caused the reduction of the pons during development, or that reductions in the pons facilitated increases in well-being and resilience to trauma. Longitudinal studies evaluating changes in brain structure over time will help address these issues. Larger-sample studies should also be conducted to confirm whether effects can also be localized to other brain regions for which we found effects only at uncorrected levels. Segmentation and normalization of the brainstem grey matter can also be problematic in MRI studies, 43 so the exact localization of the region identified here should be confirmed. Still, in the present study, image acquisition was tuned to cover the brainstem and pons, whereas other studies often cover this area of interest only partially, making this a notable strength of the present study.
Conclusion
The present study suggests that individuals with higher levels of well-being and resilience show reduced volume of the pons relative to individuals with lower levels of wellbeing and resilience, and that environmental factors contributed to these associations. Future studies could consider the functional MRI correlates for well-being and resilience to pinpoint whether these structural alterations affect connectivity to other regions, such as the amygdala and mPFC, in modulating emotional and cognitive functions.
